ABSTRACT. In the present study, the radiation issues related to the ultrasonic benchmark problems of year 2002 are explored by adopting two ultrasonic measurement models based on 1) the multi-Gaussian beams and 2) the Rayleigh-Sommerfeld integral with high frequency approximation, while keeping the choice of scattering model (the plane wave far-field scattering amplitude estimated by the Kirchhoff approximation) unchanged. The insonitying beam fields and flaw signals calculated by two models showed very good agreement in most of the cases. However, they showed significant difference at the near-critical angle (which is corresponding to the cases of refracted Swaves with the refracted angle of 30°) due to the rapid variation in the transmission coefficient in that region.
INTRODUCTION
This paper describes our approach and results of predicting the insonifying velocity fields and flaw signals of a set of ultrasonic benchmark problems [1] proposed by the World Federation of Nondestructive Evaluation Centers. This particular set of the benchmark problems is considering the measurement of ultrasonic pulse-echo signals from two types of standard scatters (spherical voids and side drilled holes) in an aluminum specimen immersed in water, with two types of refracted (longitudinal and shear) waves generated by two kinds of transducers (with planar and focused surfaces). Thus, the present problem is, in essence, quite similar to the ultrasonic benchmark problem of the year 2001 [2] , so that the prediction of flaw signals can be done by adopting a similar approach to the last year [3] .
Unlike the problem of last year, however, the problem of this year considers the incidence of insonifying beams at several different refracted angles, so that a variety of interesting issues are involved in both scattering and radiation. For example, there are issues related to accuracy and computational time in the calculation of scattering fields from 3-D scatters (spherical voids) and 2-D scatters (side drilled holes). In the prediction of radiation fields, there would also be interesting problems to be considered, especially at the near-critical and high-refracted angles.
hi the present study, the focus of our research endeavor was placed on the radiation issues. Specifically, we investigated the accuracy of the multi-Gaussian beam models [4] (which have been developed under the paraxial approximation and has a great advantage in computation time) in the prediction of the insonifying velocity fields and flaw signals, especially at near-critical and high-refracted angles. For this purpose, we adopted another beam model, that is the generalized Rayleigh-Sommerfeld integrals with high frequency assumption [5] , for the bilateral comparison, while keeping the plane wave farfield scattering amplitude obtained by the KirchhorY approximation [5] as the only one scattering model for the calculation of scattered wave fields from scatters.
ULTRASONIC MEASUREMENT MODELS
In the present study, we implemented two ultrasonic measurement models for the calculation of responses from two standard scatters. The first one is the ultrasonic measurement model based on the multi-Gaussian beams, and the second is the model adopting the generalized Rayleigh-Sommerfeld integral with high frequency approximation. Since the details of the adopted models can be found in several references [3, 4, 5] , here a brief description will be given for the continuity of our discussion.
In the ultrasonic measurement model using the multi-Gaussian beams, the received ultrasonic signal from a small, isolated scatter in a solid specimen immersed in a fluid medium can be calculated by use of Eq. (1) for both planar and focused transducers.
where, p l9 p 2 are densities of the fluid and solid, respectively, q, c 2 a are the velocities of the fluid and solid, respectively, and ^, k% are wave numbers in the fluid and solid, respectively. T£ P is the transmission coefficient from fluid to solid, H 2 is the distance from the interface to the flaw, and A(co) is the far-filed scattering amplitude (of which the explicit expressions for a spherical void and a cylindrical void will be given in the next section). And, the diffraction correction, C(o)) is given by Eq. (2). rexp (2) where, d a (a = P,SV) is the polarization vector, and the definitions of other terms including 6^(0) and G 2 (7/ 2 ) matrices can be found in reference [4] . For the generalized Rayleigh-Sommerfeld integral with high frequency approximation, however, the received ultrasonic response can be calculated by Eq. (3), for both planar and focused transducers. The detailed description of the terms appeared can be found in reference [5] ,
FAR-FIELD SCATTERING AMPLITUDES
The plane wave far-field scattering amplitude, denoted as A(co) in Eq. (1), is chosen to describe the scattered field from a flaw under consideration. Based on the Kirchhoff approximation, the far-field scattering amplitude from a spherical void, A sv (CD) , can be obtained by Eq. (5). sin (*«2«)" (5) where, a is the radius of the spherical void.
The corresponding far-filed scattering amplitude for a 3-dimensional side-drilled hole of the length of AL, A SDH (co), can be given by Eq. (6) using the Kirchhoff approximation with the assumption of small size in its diameter. The detailed discussion on Eq. (6) can be found in Schmerr and Sedov [6] . (6) where, a is the radius of the side-drilled hole, and HI and Ji is the Struve and Bessel functions of the first order, respectively. Figure 1 shows the calculation results of the insonifying velocity fields for the refracted S-wave (with the refracted angle of 30°) produced in two media by the given planar transducer using a) the multi-Gaussian beam models, and b) the RayleighSommerfeld integral with high-frequency approximation. 
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The detailed description of the terms appeared can be found in reference [5] .
FAR-FIELD SCATTERING AMPLITUDES
The plane wave far-field scattering amplitude, denoted as ) (ω A in Eq. (1), is chosen to describe the scattered field from a flaw under consideration. Based on the Kirchhoff approximation, the far-field scattering amplitude from a spherical void, ) (ω SV A , can be obtained by Eq. (5).
where, a is the radius of the spherical void.
The corresponding far-filed scattering amplitude for a 3-dimensional side-drilled hole of the length of
, can be given by Eq. (6) using the Kirchhoff approximation with the assumption of small size in its diameter. The detailed discussion on Eq. (6) can be found in Schmerr and Sedov [6] .
where, a is the radius of the side-drilled hole, and H 1 and J 1 is the Struve and Bessel functions of the first order, respectively. Figure 1 shows the calculation results of the insonifying velocity fields for the refracted S-wave (with the refracted angle of 30°) produced in two media by the given planar transducer using a) the multi-Gaussian beam models, and b) the RayleighSommerfeld integral with high-frequency approximation. The refracted beam patterns calculated by two beam models showed significant difference in the solid specimen, as shown in Figure 1 . The transmission coefficient of the refracted S-wave varies very rapid (according to the angle of incidence) around the critical angle, where the beam patterns in Figure 1 was considered, as shown in Figure 2 . This rapid variation in the transmission coefficient is, in fact, the major source of the difference, since the multi-Gaussian beam models does not account this variation, while the RayleighSommerfeld integral does. Thus, one needs to be very careful when adopting the multiGaussian beam models around the near critical angles, where the multi-Gaussian beam models break down. Figure 3 shows the similar calculation results of the insonifying velocity fields for the refracted S-wave with the refracted angle of 75°. The refracted beam patterns calculated by two beam models showed difference to the some extent. However, it is hard to justify which one is correct, and which is not, at this moment, since in this particular case the angle of refraction is quite high so that the refracted angle can also vary very rapidly even with a small change in the angle of incidence. In fact, there is a possibility that both models could break down. Thus, it is strongly needed to have further investigation to clarify this issue. The refracted beam patterns calculated by two beam models showed significant difference in the solid specimen, as shown in Figure 1 . The transmission coefficient of the refracted S-wave varies very rapid (according to the angle of incidence) around the critical angle, where the beam patterns in Figure 1 was considered, as shown in Figure 2 . This rapid variation in the transmission coefficient is, in fact, the major source of the difference, since the multi-Gaussian beam models does not account this variation, while the RayleighSommerfeld integral does. Thus, one needs to be very careful when adopting the multiGaussian beam models around the near critical angles, where the multi-Gaussian beam models break down. Figure 3 shows the similar calculation results of the insonifying velocity fields for the refracted S-wave with the refracted angle of 75°. The refracted beam patterns calculated by two beam models showed difference to the some extent. However, it is hard to justify which one is correct, and which is not, at this moment, since in this particular case the angle of refraction is quite high so that the refracted angle can also vary very rapidly even with a small change in the angle of incidence. In fact, there is a possibility that both models could break down. Thus, it is strongly needed to have further investigation to clarify this issue. Table 1 summarizes the prediction of the insonifying velocities at the center of the flaws by two beam models considered. The predictions of the multi-Gaussian beam agreed very well with those of the Rayleigh-Sommerfeld integral, except at the near critical angle (which is corresponding to the case of the refracted S-wave with the refracted angle of 30°).
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TIME-DOMAIN WAVEFORMS: RESULTS AND DISCUSSION
The calculation of the time-domain waveforms requires the estimation of the system efficiency factors for the given transducers, which was done by adopting the wellknown front-surface reflection model given by Rogers and Van Buren [7] . By taking the inverse Fourier transform to the frequency-domain responses from the standard reflectors (calculated by Eq. (1) or Eq. (3)), we obtained the time-domain flaw signals. (Here, it is worthwhile to note that for the case of the side-drilled holes Eq. (3) were integrated along the axis of the hole in the lit region of the insonifying beam.) Figure 4 shows the predicted time domain waveforms for (a) a spherical void and (b) a side-drilled hole with the diameter of 0.125 mm located at the depth of 25.4 mm from the specimen surface by use of the refracted shear wave (with the refracted angle of 30°) produced by the planar transducer. The solid line is the prediction made by the multiGaussian beam model, while the dotted line by the Rayleigh-Sommerfeld integral with high-frequency approximation. The waveforms predicted by two models agreed very well in their shape. However, there were significant differences in their amplitudes. As discussed above, this discrepancy resulted from the rapid variation in the transmission coefficient around the near-critical angle, where these particular waveforms were predicted.
We have calculated all of the time-domain waveforms for the complete combination of transducer, refracted wave, and scatter type and size. However, due to the space limitation the entire waveforms cannot be presented here. From the set of complete waveforms, it was observed that two beam models showed very good agreement in the prediction of the shape of waveforms. In addition, the peak-to-peak amplitudes of the waveforms, which is summarized in Tables 2 and 3 for spherical voids and side-drilled holes, respectively, showed very good agreement for most of the cases, except at the nearcritical angle (which is corresponding to the case of the refracted S-wave with the refracted angle of 30°). As pointed out earlier, even though the results of two model predictions at the high-refracted angle of 75° agreed each other, it would be necessary to have further investigation for the verification of prediction. 9.56E-04 
